Introduction {#S1}
============

Ovarian cancer is the fifth-leading cause of cancer-related deaths among women, and it is the deadliest of gynecologic cancers. It's high mortality rate is primarily due to the difficulty of diagnosing it early. Late diagnosis results in low cure rates ([@R1]). The majority (90%) of ovarian cancer cases are epithelial tumors, most commonly high-grade serous carcinomas ([@R2]--[@R4]).

Epidermal growth factor (EGF) receptors (the typical receptor tyrosine kinases) consist of four receptors: ERBB1, ERBB2, ERBB3, and ERBB4. When each one binds to its preferred ligand, intracellular tyrosine kinase activity follows ([@R5]--[@R9]). ERBB2 is the most potent oncoprotein with strong kinase activity, but no ligand has been identified to date. Conversely, ERBB3 is devoid of intrinsic kinase activity but often dimerizes with ERBB2 upon binding to the ligand neuregulin (NRG1) ([@R10]). Previous studies have shown that heterodimers of ERBB2 and ERBB3 induce potent downstream signaling critical for oncogenesis ([@R10]). In conjunction with those studies, we have demonstrated that the ERBB3-NRG1 axis is a dominant pathway for hematogenous metastasis of ovarian cancer cells ([@R11]). We demonstrated that elevated levels of ERBB3 in metastatic cells cause hematogenous metastasis and that NRG1 in the omentum allows tumor cells to localize and grow at that site ([@R11], [@R12]). Furthermore, disrupting the ERBB3-mediated signaling pathway, using target-specific siRNA and anti-ERBB3 monoclonal antibodies, reduced the metastatic spread of this disease ([@R11]).

Unexpectedly, we found that NRG1 stimulation alter the levels of endoprotesaes that are important for protein maturation in ovarian cancer cells. While the effects of ERBB on downstream signaling in cancer cells are well characterized, it is unclear how ERBB signaling regulates endoproteases for the maturation of proproteins to mature proteins. In the current study, we identified a novel mechanism that ERBB signaling increases levels of an endoprotease enzyme furin. This endoprotease proteolytically activates a large number of proprotein substrates, such as pro-ADAM, pro-MT1-MMP, pro-PDGF, and pro-mesothelin ([@R13]--[@R15]), resulting in the maturation of these proteins with putative oncogenic. Enhanced furin expression has been reported in various cancer types, and furin activity promotes many cancer-related processes such as cell proliferation, migration, and invasion ([@R16]--[@R19]). In addition, increased expression of furin predicts decreased survival in ovarian cancer ([@R20]). However, furin's function in ovarian cancer is unclear. In this study, we uncovered a previously unrecognized mechanism: ERBB signaling upregulates furin in highly metastatic ovarian cancer cells via IGF1R maturation and subsequent activation of the STAT3 transcription factor.

Results {#S2}
=======

ERBB2/ERBB3 signaling regulates furin expression in ovarian cancer {#S3}
------------------------------------------------------------------

To investigate whether furin is regulated by ERBB3, we used NRG1 to stimulate ERBB receptors that cause dimerization of ERBB3 and ERBB2 in ovarian cancer cells, such as OVCAR5 and SKOV3. Our results showed that NRG1 induced the phosphorylation of p-ERBB2 (Y1248) and p-ERBB3 (Y1289) ([Fig. 1A](#F1){ref-type="fig"} and [Fig. 1B](#F1){ref-type="fig"}) and upregulated furin levels ([Fig. 1C](#F1){ref-type="fig"}, [Fig. 1D](#F1){ref-type="fig"} and [Supplementary Fig. 1A](#SD1){ref-type="supplementary-material"}). To determine if blocking of ERBB3-signaling will reduce furin levels, we used an ERBB3 inhibitor, AZD8931, to treat OVCAR5 and SKOV3 cells at different time points with or without NRG1 stimulation. Our data shows that AZD8931 reduced the phosphorylation of p-ERBB2 (Y1248) and p-ERBB3 (Y1289) and also lowered the levels of furin ([Fig. 1E](#F1){ref-type="fig"}, [Fig. 1F](#F1){ref-type="fig"} and [Supplementary Fig. 1B](#SD1){ref-type="supplementary-material"}) suggesting that furin is a direct downstream effector of ERBB3 signaling. Importantly, the delivery of NRG1 siRNA-encapsulated nanoliposomes into mice bearing ovarian cancer cells also reduced furin levels in ovarian tumor ([Supplementary Fig. 1C](#SD1){ref-type="supplementary-material"}). Matrix metalloproteinase is one of the metalloproteinases specialized in degrading the extracellular matrix and allows cancer cells to escape from their in-situ location and intravasate into the bloodstream. Furin is an activator for MMP14, MMP15 and MMP17. In our results, we found that in addition to increasing furin levels, NRG1 stimulation also induced the expression of matrix metalloprotease (MMP)-14, MMP-15, and MMP-17 overtime points up to 48 h in OVCAR5 cells ([Supplementary Fig. 1D](#SD1){ref-type="supplementary-material"} and [1E](#SD1){ref-type="supplementary-material"}).

Furin expression associates with poor outcomes in ovarian cancer patients {#S4}
-------------------------------------------------------------------------

To characterize furin's oncogenic role in ovarian cancer, we examined its expression in clinical ovarian cancer patient tissue by western blotting. We found that furin is highly expressed in the tumor tissues as well as in ascites samples ([Fig. 2A](#F2){ref-type="fig"}). To further correlate if furin makes any association with cancer aggressiveness in those samples, we have determined the levels of mesenchymal marker Vimentin, markers for cancer stem cells and ERBB family proteins. As expected, we found that the samples express high levels of furin also express high levels of CD44, high levels of vimentin, low levels of CD24 and high levels of native and phosphorylated forms of EGFR, ERBB2 and ERBB3 ([Fig. 2B](#F2){ref-type="fig"}).

We then assessed the effect of furin on patient survival using a publicly available ovarian cancer data set ([@R21]). Herein, our analysis using the mRNA expression dataset demonstrated a reduced progression-free and overall survival in the serous ovarian cancer patients in stage II--IV, whose samples express high level of furin expression ([Fig. 2C](#F2){ref-type="fig"} and [Supplementary Fig. 2A](#SD1){ref-type="supplementary-material"}), suggesting that a significantly unfavorable prognosis associated with high furin expression. To confirm our results, we used immunohistochemical staining to examine furin expression on tissue microarrays (TMA) from a cohort of advanced-stage ovarian cancer patients. There were 62 malignant tissues, 18 benign tissues, 17 normal adjacent ovarian tissues (NAT), and 3 normal ovarian tissues. This TMA analysis demonstrated that furin was highly expressed in the malignant tissue ([Fig. 2D](#F2){ref-type="fig"}, [Fig. 2E](#F2){ref-type="fig"} and [Supplementary Fig. 2B](#SD1){ref-type="supplementary-material"}). Collectively, these data show that high furin expression in the tumor is associated with poor prognosis for ovarian cancer patients.

Downregulating furin inhibits cell migration, invasion, and spheroid formation {#S5}
------------------------------------------------------------------------------

To investigate furin's role in ovarian cancer cells, we prepared two different lentiviral-introduced furin short hairpin RNAs in OVCAR5 and SKOV3 cells and first confirmed the loss of expression of furin by western blotting ([Fig. 3A](#F3){ref-type="fig"}, [Fig. 3B](#F3){ref-type="fig"} and [Supplementary Fig.3A](#SD1){ref-type="supplementary-material"}). Next, we used a Transwell assay to evaluate furin's effect on ovarian cancer cell migration and cell invasion. Silencing furin will not affect the viability ([Supplementary Fig.3B](#SD1){ref-type="supplementary-material"}), and both the migration and invasion of OVCAR5 and SKOV3 cancer cells were significantly reduced ([Fig. 3C](#F3){ref-type="fig"} and [Fig. 3D](#F3){ref-type="fig"}). We also investigated the spheroid formation and found a significant reduction in the size and number of spheroids that formed when those cells were grown in non-adherent conditions ([Fig. 3E](#F3){ref-type="fig"} and [Fig. 3F](#F3){ref-type="fig"}). These results show that furin is involved in cell migration, cell invasion, and spheroid formation in ovarian cancer cells.

Loss of furin downregulated IGF1R- β expression in ovarian cancer cells {#S6}
-----------------------------------------------------------------------

Furin processes a wide variety of cancer-related substrates, including pro-TGF-β, pro-IGF1R- β, and pro-mesothelin ([@R14]). To investigate the critical downstream targets of furin in ovarian cancer, we performed immunoblot analysis to detect TGF-β, IGF1R- β, and mesothelin expression after furin knockdown in OVCAR5 and SKOV3 cell lines. Loss of furin led to markedly increased levels of pro-IGF1R-β and reduced levels of mature IGF1R- β ([Fig. 4A](#F4){ref-type="fig"} and [Fig. 4B](#F4){ref-type="fig"}). However, we did not observe changes in the levels of the pro and mature forms of TGF- β or mesothelin with the two different shRNAs in either cell line indicating a level of specificity to furin's substrate preference in ovarian cancer cells.

To further explore the association of furin and IGF1R-βexamined mature IGF1R-β in tumor tissues adjacent to those we analyzed for furin expression using the ovarian tissue TMA ([Supplementary Fig. 4A](#SD1){ref-type="supplementary-material"} and [4B](#SD1){ref-type="supplementary-material"}). Our analysis showed that the high-grade serous ovarian cancer tissues that expressed high levels of furin ([Fig. 2D](#F2){ref-type="fig"}, and [2E](#F2){ref-type="fig"}) also expressed high levels of IGF1R-β ([Fig. 4C](#F4){ref-type="fig"}). To confirm our results, we overexpressed furin in Hey-A8 cell lines, which expresses low levels of furin, and found that ectopic expression of furin upregulated levels of mature IGF1R- β ([Fig. 4D](#F4){ref-type="fig"}).

To investigate whether furin is required for the expression of mature IGF1R-β, we used NRG1 to stimulate OVCAR5 and SKOV3 cells that stably expressed scrambled sh-RNA sequences or furin-shRNA and measured expression of IGF1R-β at multiple time points. NRG1 stimulation increased levels of mature IGF1R-β shRNA control cells. Strikingly, silencing furin in SKOV3 and OVCAR5, abolished the increase in levels of IGF1R-β and the expression of mature IGF1R-β after 24h of stimulation with NRG1 ([Fig. 4E](#F4){ref-type="fig"} and [4F](#F4){ref-type="fig"}). Collectively, our results show that furin is necessary for the maturation of IGF1R-β.

Furin regulates JAK1/STAT3 pathway in ovarian cancer cells {#S7}
----------------------------------------------------------

IGF1R activation causes the phosphorylation and nuclear translocation of STAT3 ([@R22]). In turn, phosphorylation causes STAT3 to dimerize and enter the nucleus for transcription of genes that participate in cancer-associated phenotypes, such as survival, angiogenesis, metastasis, and immune evasion ([@R23], [@R24]). To investigate whether furin regulates IGF1R-mediated STAT3 activation in ovarian cancer cells, we measured levels of pTYK2 (Tyr1054/1055), pJAK1 (Tyr1034/1035), pJAK2 (Tyr1008) and p-STAT3 (Tyr705) in furin knocked down ovarian cancer cells. Importantly, loss of furin markedly reduced the levels of pJAK1 (Tyr1034/1035) and p-STAT3 (Tyr705) ([Fig. 5A](#F5){ref-type="fig"}, [5B](#F5){ref-type="fig"} [Supplementary Fig. 5A](#SD1){ref-type="supplementary-material"} and [5B](#SD1){ref-type="supplementary-material"}). Together, our results show that JAK1/STAT3 pathway is dysregulated by furin in ovarian cancer. We also found that NRG1 induced phosphorylation of STAT3 (Y705) was reduced by WP1066 treatment in the ovarian cancer cells OVCAR5 and SKOV3 ([Fig. 5C](#F5){ref-type="fig"}--[5E](#F5){ref-type="fig"}). As expected we also found that the treatment of WP1066 reduced the migration and invasion of OVCAR5 and SKOV3 cell lines in a dose-dependent manner ([Fig. 5F](#F5){ref-type="fig"} and [Fig. 5G](#F5){ref-type="fig"}).

Furin knockdown reduced tumor burden in a murine model of ovarian cancer {#S8}
------------------------------------------------------------------------

We next used immune-competent mouse models to determine whether furin activates the IGF1R/STAT3 signaling axis in such models. For these experiments, we used ID8 cells, and similar findings to those described above were noted. To further confirm the effects of furin on the migration and invasion of ovarian cancer cells, we knocked down furin expression, using lentiviral particles that expressed furin sh-RNA in murine ovarian cancer cell line ID8. As expected, loss of furin expression reduced levels of mature IGF1R-β ([Fig. 6A](#F6){ref-type="fig"} and [Supplementary Fig. 6A](#SD1){ref-type="supplementary-material"}). Next, we used Transwells to evaluate the effect of furin knockdown on the migration and invasion of ovarian cancer cells. Compared to the control cells, cell migration and invasion of ID8 cells were significantly reduced ([Fig. 6B](#F6){ref-type="fig"}, [Fig. 6C](#F6){ref-type="fig"} and [Supplementary Fig. 6B](#SD1){ref-type="supplementary-material"} and [6C](#SD1){ref-type="supplementary-material"}).

To explore the oncogenic role of furin in ovarian cancer progression in an orthotopic model of ovarian cancer, we injected ID8-furin-shRNA or control-shRNA cells that stably expressed luciferase into the ovaries of C57Bl/6 mice orthotopically (10 mice/group). Tumor growth and metastasis were evaluated weekly by bioluminescence imaging. In line with our in vitro results, we found that loss of furin expression caused by shRNA reduced overall tumor growth, the number of tumor nodules that formed in the peritoneum, and the total volume of ascites fluid in the peritoneal cavity ([Fig. 6D](#F6){ref-type="fig"}--[6I](#F6){ref-type="fig"}).

To further determine whether inhibiting furin reduces levels of IGF1R-β /STAT3 signaling, we performed immunohistochemistry to validate levels of furin, IGF1R-β, and phosphorylated STAT3 in representative tumor tissues. The furin-shRNA tumor cells showed reduced expression of IGF1R-β and phosphorylated STAT3 ([Fig. 6J](#F6){ref-type="fig"}). Taken together, our results demonstrate that furin promotes the tumor growth and metastasis of ovarian cancer cells by promoting the maturation of IGF1R-β and the phosphorylation of STAT3 ([Fig. 6K](#F6){ref-type="fig"})

Discussion {#S9}
==========

Furin is a ubiquitously expressed proprotein convertase implicated in many physiological and pathological processes ([@R26], [@R27]). Studies report that it plays a critical role in the maturation of multiple proteins by cleavage at the specific proprotein recognition sequence RXK/RR and is overexpressed in different types of cancer. Overexpression of furin promotes cell proliferation, cell migration, and cell invasion by affecting multiple proteins maturation ([@R16], [@R17], [@R28]). It was reported that high furin expression predicted decreased survival in ovarian cancer ([@R20]). However, the exact mechanism that enables furin to contribute to oncogenic signaling activation is not well studied. We previously demonstrated that the ERBB3-neuregulin 1 (NRG1) axis is critical for hematogenous metastasis of ovarian cancer cells and their growth in the omentum ([@R11]). The furin-like domain mediates the formation of homo- and heterodimers, which is a crucial first step in *ERBB* family signaling ([@R29]). However, the mechanism by which ERBB3 promotes the maturation of oncogenic proteins from proproteins was not addressed. Unexpectedly, we found that the stimulation of NRG1 induced the levels of mature IGF1R in ovarian cancer cells. As a consequence of the gain in the levels of mature IGF1R, we found an increase in the phosphorylation of JAK1 and STAT3 proteins in ovarian cancer cells. In this paper, we report that activation of the ERBB3/NRG1 axis increases the expression of furin, an important proprotein convertase, in high-grade serous ovarian cancer cells, which results in downstream activation of STAT3 signaling. This finding illustrates one underlying mechanism by which ERBB3 promotes maturation of pro-proteins to proteins with an oncogenic function in ovarian cancer.

In ovarian cancer cells, we found that furin expression is regulated by ERBB2/ERBB3 signaling and that furin is required for the maturation of IGF1R-β, which was not previously appreciated. Mature IGF-IR is a tetrameric type II receptor protein-tyrosine kinase consisting of two ligand-binding α-subunits and two transmembrane β-subunits. The binding of a ligand to IGF-IR triggers a conformational change and cross-phosphorylation between the β-subunits of the IGF-IR receptor complex. This leads to the phosphorylation of additional tyrosine residues and subsequent activation of the tyrosine kinase activity ([@R30], [@R31]). Phosphorylation of tyrosine residues further creates binding sites on the receptor for its immediate downstream signaling molecules, which typically contain phosphotyrosine-binding or SH2 domains, for the activation of MAPK or STAT3 ([@R32], [@R33]). Thus, mature IGF1R-β could promote malignant transformation by activating oncogenic signaling through various downstream effectors.

STAT3 is a member of the STAT seven-member family that regulates gene transcription by relaying signals from activated plasma membrane receptors to the nucleus. STAT3 signaling is related to the cell cycle, cell survival, and immune responses associated with cancer progression and malignancy in a number of cancer types ([@R34]--[@R36]). Phosphorylated STAT3 plays an important role in cancer initiation and progression, as it promotes cell survival and proliferation, cell cycle progression, angiogenesis, and metastasis of cancer cells ([@R37], [@R38]). In contrast to classical signaling mechanisms that operate through distinct signaling cues, the contributions of proprotein convertases such as furin to the induction of oncogenic signaling has not been previously well addressed. Therefore, inhibiting a tumor-promoting proprotein convertase such as furin could have therapeutic utility if target-specific furin inhibitors could be identified. The known pharmacological inhibitors of furin we used in our *in vitro* assays were unable to significantly reduce furin expression in non-toxic concentrations. Thus, it will be important to develop target-specific and less toxic compounds that would inhibit the activity of furin in cancer cells. To reduce levels of furin mRNA, we used genetic approaches that produced a remarkable reduction in levels of IGF1R-β and p-STAT3 and lowered overall tumor burden *in vitro* and *in vivo*.

In summary, our findings indicate that furin is a key downstream target of ERBB2/ERBB3 signaling that promotes the metastasis of ovarian cancer cells through IGF1R/STAT3 signaling. Therefore, therapeutic strategies that inhibit furin activity should have the potential to treat ovarian cancer in pre-clinical and clinical models.

Materials and methods {#S10}
=====================

Patients and clinical tissues {#S11}
-----------------------------

This study was approved by the institutional review boards of the Medical College of Wisconsin. Clinical tissues were obtained from ovarian cancer patients who gave written informed consent in the Department of OB/GYN's Tissue Bank.

Cell culture and reagents {#S12}
-------------------------

Ovarian cancer cell line OVCAR5 cells were purchased from the National Cancer Institute's cell line repository. SKOV3, cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and HeyA8 cells were received from the characterized cell line core at MD Anderson Cancer Center. Cells were cultured in DMEM media (GIBCO, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS, Invitrogen Life Technologies, Carlsbad, CA) and 1% penicillin/streptomycin (GIBCO). ID8 cells (a kind gift from Dr. Weiguo Cui) were cultured in Dulbecco's modified Eagle's medium (GIBCO) supplemented with 10% FBS, 1% penicillin/streptomycin, 1% insulin (5 g/mL), 5 g/mL transferrin, 5 ng/mL sodium selenite (1X ITS; Sigma Cat. No. I3146). We obtained, ERBB2 (\#2165), p-ERBB2 (Tyr1248)(\#2247), ERBB3 (\#12708), p-ERBB3 (Tyr1289), IGF1R-β (\#3027), GAPDH (\#5174), mesothelin (\#99966S), TGF-β (\#3711), STAT3 (\#9139), p-STAT3 (Tyr705)(\#9145), p-STAT3 (Ser727)(\#34911), JAK1 (\#3344S), p-JAK1(Tyr1034/1035) (\#74129S), JAK2 (3230S), p-JAK2 (Tyr1008) (\#8082S) TYK2 (\#14193S) and p-TYK2 (Tyr1054/1055) (\#68790S) from Cell Signaling Technology (Danvers, MA), Furin (\#sc-133142) was obtained from Santa Cruz Biotechnology. Recombinant Human Neuregulin β−1 (NRG1), was purchased from PeproTech, Cat\# 100--03.

Furin expression and knockdown {#S13}
------------------------------

Furin cDNA ORF Clone, Human, N-DDK (Flag®) tag(\#HG10141-NF) was obtained from Sino Biological. HeyA8 cells stably expressing pCMV3 or furin were generated following standard protocols, as previously described. The shRNA sequences for furin and the shRNA control were obtained from Sigma (SHCLNG, 11261829MN, 11261829MN). A lentiviral expression system was used to generate target virus supernatants that were used to infect OVCAR5, SKOV3 cells. After 96 h of infection, puromycin was used to select target cells.

Luciferase assay {#S14}
----------------

ID8 cells were transfected with pLenti PGK V5-LUC Puro luciferase reporter plasmid (Plasmid \#19360). Lysates were prepared 24 h after transfection, and the luciferase assay was performed as mentioned previously ([@R38]) using the Dual-Luciferase Reporter Assay kit (Promega, Madison, WI) according to the manufacturer's instructions.

Quantitative real-time PCR analysis {#S15}
-----------------------------------

Total RNA was isolated from cell line OVCAR5 by using the RNeasy Mini Kit (Qiagen, Valencia, CA). An iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) was used to reverse-transcribe 1 μg RNA. We used a Bio-Rad CFX Connect Real-Time System (Bio-Rad) for quantitative real-time PCR (qRT-PCR). The threshold cycle number was calculated by Bio-Rad CFX manager software version 3.0. All primers were obtained from Integrated DNA Technologies ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). All the qRT-PCR reactions were performed in duplicate in three independent experiments. Using the ΔΔC(t) method, we calculated the fold change.

Western blotting analysis {#S16}
-------------------------

Cells in monolayer were washed with phosphate-buffered saline and harvested with RIPA buffer containing protease inhibitors and phosphatase inhibitors (Santa Cruz Biotechnology, Dallas, TX). Bio-Rad protein assay dye reagent concentrate (\#5000006) was used to measure protein concentrations. Cell lysates were electrophoresed on 10%--12% sodium dodecyl sulfate-polyacrylamide gels, and then transferred onto polyvinylidene difluoride (PVDF) membrane. The membranes were incubated overnight at 4°C with primary antibodies. After several washes, the membranes were incubated with secondary antibodies for 1 h at room temperature and developed with the SuperSignal™ West Pico PLUS Chemiluminescent Substrate (\#34580, ThermoFisher Scientific). For the patient samples, we used tumor omentum and normal omentum from OB/GYN in the Medical College of Wisconsin. The tissues were snap-frozen, and lysates were subsequently prepared for protein isolation. All full blots are shown in [Supplementary Fig. 7](#SD2){ref-type="supplementary-material"}.

Immunofluorescence {#S17}
------------------

Serial tissue sections (4μm) were sliced from paraffin-embedded formalin-fixed tissue, and immunohistochemical staining was performed as described earlier. Briefly, cold acetone was used to fix tissue sections for 10 min. The slides were then washed with PBS three times and then blocked with fish gelatin (4%) for 20 min. The tissue sections were then incubated with furin antibody (1:100) at 4°C overnight. The next day, they were washed with PBS three times, blocked with gelatin for 10 minutes, and incubated with secondary antibody (\#115-546-068). They were then incubated with DAPI for 10 minutes, washed with PBS 3 times, and mounted the slides. Cell images were acquired using an EVOS FL auto imaging microscope.

*In vitro* invasion and cell migration assay {#S18}
--------------------------------------------

The in vitro invasion assay was performed using Matrigel invasion chambers (BD Biosciences, Bedford, MA, USA) as previously described ([@R39]). Briefly, 1×10^5^ serum starved cells were plated into each invasion into each upper chamber, and medium containing 10% fetal calf serum was added to the lower chambers. After the cells were allowed to invade for 24 h, the cells remaining in the invasion chambers were removed with a cotton swab. Cells on the undersurface of the invasion chambers were stained with 0.5% crystal violet. Cell migration was measured with the aid of Transwells (8.0 μm pore size), as described previously. Briefly, the undersurface of the Transwell was coated with 10 μg/ ml of collagen I, and 10% fetal calf serum was added to the lower chambers. Serum-starved cells (1×10^5^ cells in 100 μl/well) were added to the Transwells and allowed to migrate for 4 h. Cells that remained in the Transwells were removed with cotton swabs, and cells that attached to the undersurface were stained with crystal violet solution for visualization. To quantitate cell migration and invasion, stained cells on the undersurface were solubilized with 10% acetic acid and measured at 595 nm on a microplate reader.

Tissue microarray analysis (TMA) {#S19}
--------------------------------

In accordance with approved protocols, all tissue samples were obtained coded and de-identified. Samples were obtained from US Biomax, Inc (\#OV1005b). A total of 100 paraffin-embedded human ovarian tissue samples (3 normal ovarian tissue, 17 normal adjacent normal ovary tissue (NAT), 18 benign tissues, and 62 tumor tissues) were available for immunohistochemical analysis (\#OV1005b, US.Biomax). Representative regions were marked and selected for inclusion in a tissue array. Furin and IGF1R-β expression was determined by IHC on two TMA slides. IHC staining was performed according to a previous protocol, with minor modifications. After dehydration and clearance with xylene, the slides were mounted and photographed under a microscope. Furin and IGF1R-β expression were scored and classified into four levels according to staining intensity and positive cell percentage. Staining intensity was designated as strong (3), moderate (2), weak (1), or negative (0). Percentages of positive cells were designated as 75--100 (3), 50--74 (2), 6--49 (1), and \<5 (0).

Immunohistochemistry analysis {#S20}
-----------------------------

Immunohistochemistry was performed as previously described ([@R40]). In brief, serial tissue sections (4μm) were sliced from paraffin-embedded formalin-fixed tissue, and immunohistochemical staining was performed as described earlier. Briefly, tissue sections were deparaffinized, hydrated, and stained using furin, IGF1R-β, and p-STAT3 primary antibodies (all at 1:100 dilution). The slides were deparaffinized in xylene and rehydrated through graded ethanol to PBS. For staining, we used the Vectastain ABC-AP Kit (Vector Labs, Burlingame, CA) and Vector Red Alkaline Phosphatase Substrate Kit, I (Vector Labs, Burlingame, CA) according to manufacturer's protocol. The slides were counterstained with hematoxylin (Thermo Fisher Scientific Inc., Rockford, IL), dehydrated, and mounted with paramount.

Cell proliferation and cell viability assay {#S21}
-------------------------------------------

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed to analyze cell growth, as previously described. In each assay, 1×10^4^ cells were seeded into 96-well culture plates, incubated overnight, and then treated with AZD8931 or other agents for several days.

Animals {#S22}
-------

All animal work was done in accordance with a protocol approved by the Institutional Animal Care and Use Committee (IACUC) at the Medical College of Wisconsin. Female C57BL/6J mice were obtained from the Jackson Laboratory. Animals were cared for according to IACUC guidelines. All animals were 6 to 8 weeks of age at the time of injection. shRNA control and shRNA furin ID8 cells (1× 10^6^ cells/animal) were prepared in Hanks' balanced salt solution (Gibco, Carlsbad, CA) and injected into the ovarian bursa (10 mice/group). The mice were imaged once weekly for a bioluminescence signal, using a Xenogen IVIS system (PerkinElmer). At the time of necropsy, the weight, number, and distribution of tumors were recorded.

Statistics {#S23}
----------

Data are presented as means ± standard error (SE). Statistical comparisons were performed using unpaired two-tailed Student's *t*-tests, where appropriate, with a probability value of 0.05 considered significant.
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![Furin was regulated by NRG1 stimulation through ERBB receptors.\
**A** and **B**, Cell lysates of NRG1 (20ng/ml) stimulation at the different timepoints were immunoblotted against ERBB receptors in OVCAR5 (**A**) and SKOV3 (**B**) cell lines. **C** and **D**, Cell lysates of NRG1 stimulation at the different time points cells were collected and immunoblotted against furin in OVCAR 5 (**C**) and SKOV3 (**D**). **E** and **F**. Cell lysates of ERBB3 inhibitor (AZD8931) treatment with or without NRG1 (20ng/ml) stimulation in the different times points were collected and immunoblotted against fruin and ERBB receptors in OVCAR 5 (**E**) and SKOV3 (**F**).](nihms-1552030-f0001){#F1}

![Furin is highly expressed in ovarian cancer patients.\
**A**. Immunoblot of indicated proteins were determined from the ovarian tumor and tumor cells isolated from the ascites fluid of ovarian cancer patients. **B**. Immunoblot of indicated proteins were determined from the ovarian tumor and, tumor cells isolated from the ascites fluid of ovarian cancer patients. **C**. Kaplan--Meier curves of Progression-free survival for furin expression in patients with stage II-IV serous ovarian cancer patients (high n=783, low n=268). **D**. Ovarian cancer tissue microarray was stained with an antibody that recognizes furin. Slides were visualized under 10x of delineated areas, scale bar: 200μm. **E**. Furin staining intensity in each group from (D) were quantified. \*\*\*p\<0.0001.](nihms-1552030-f0002){#F2}

![Cell migration, cell invasion and spheroid formation were reduced by Furin knockdown.\
**A** and **B**. Western blotting of OVCAR5 (**A**) and SKOV3 (**B**) in the control and furin knockdown cell lysates. **C**. Cell migration assay in SKOV3 and OVCAR5 (n=3). Cells on the undersurface of Transwell chambers were stained and images were taken under a phase contrast microscope. Bright-field microscope at 10x magnification used and scaled bars represent 450 μm. **D**. Cell invasion assay in SKOV3 and OVCAR5 (n=3). Cells on the undersurface of Transwell chambers were stained and images were taken under a phase contrast microscope. Bright-field microscope at 10x magnification used and scaled bars represent 450 μm. **E**. Spheroid formation. Phase contrast micrographs of day 0 and day 5 in ultra-low attachment plate culture. Bright-field microscope at 10x magnification used and scaled bars represent 200 μm. **F**. Quantification the number of spheroids on day 5. \*p\<0.05, \*\*p\<0.01.](nihms-1552030-f0003){#F3}

![IGF1R-β was downregulated by furin knockdown.\
**A** and **B**. Cell lysates of shRNA control, shRNA furin 1 and shRNA furin 2 cells were immunoblotted against IGF1R-b, Mesothelin and TGF-β in OVCAR5 (**A**) and SKOV3 (**B**). **C**. Western blot of tissue lysate from the normal and tumor omentum of ovarian cancer patients against IGF1R-β. **D**. Scatter plot to show the IGF1R-β staining intensity in ovarian tumor tissue (n=62), normal adjacent ovarian tissue ([@R17]), benign tissue ([@R18]) and normal ovarian tissue ([@R3]). **E**. Western blot to test furin overexpression in HeyA8 cells. (**E, F**). Cell lysates of NRG1 stimulation in the different time points in the shRNA control or shRNA furin cell lines were collected and immunoblotted against IGF1R-β in OVCAR 5 (**E**) and SKOV3 (**F**). \*\*\*\*p\<0.0001. \*\*p\<0.01.](nihms-1552030-f0004){#F4}

![p-STAT3 (Tyr705) was reduced by furin knockdown.\
**A** and **B**. Cell lysates of shRNA control, shRNA furin 1 and shRNA furin 2 cells were immunoblotted against p-STAT3 (Tyr705), STAT3, p-JAK1(Tyr1034/1035), and JAK1 in OVCAR5 (**A**) and SKOV3 (**B**) cell lines. **C** and **D**. Cell lysates of STAT3 inhibitor (WP1066 5μM) treatment with or without NRG1 (20ng/ml) stimulation in 24 hrs were collected and immunoblotted against pSTAT3 (Tyr705) and STAT3 in OVCAR 5 (**C**) and SKOV3 (**D**). **E**. Quantitative analysis of relative p-STAT3 (Tyr705) expression after WP1066 treatment with or without NRG1 stimulation. **F**. Cell migration assay in OVCAR5 and SKOV3 (n=3). Cells were treated with vehicle, 2.5 or 5 μM WP1066 for 24h followed by the analysis of cell migration using Transwell chamber. Bright-field microscope at 10x magnification used and scaled bars represent 450 μm. **G**. Cell invasion assay in OVCAR5 and SKOV3 (n=3). Cells were treated with vehicle, 2.5 or 5 μM WP1066 for 24h followed by the analysis of cell invasion using Transwell chamber. Bright-field microscope at 10x magnification used and scaled bars represent 450 μm. \*p\<0.05, \*\*p\<0.01.](nihms-1552030-f0005){#F5}

![Knockdown of furin reduces tumor growth *in vivo*.\
**A**. Cell lysates of shRNA control and shRNA furin in ID8 cells were immunoblotted against furin and IGF1R-β. **B** and **C**, Quantification of cell migration and cell invasion in ID8 cells. **D**. Representative bioluminescence image of shRNA furin treated mice following orthotropic injections of either shRNA control or shRNA furin ID8-Luc cells. **E**. Quantitative representation of bioluminescence in shRNA control and shRNA furin group. **F**. Representative images of the extent of metastatic spread in shRNA control and shRNA furin group. **G**. The average ascites volume, tumor weight (**H**) and number of tumor nodules (**I**) and are shown for shRNA control and shRNA furin group. **J**. IHC analysis of furin, IGF1Rβ and pSTAT3 (Tyr705) expression after in shRNA control and shRNA furin group. Scale bar: 450 μm. **K**. Schematic model shows ERBB pathway induces furin, and regulate IGF1R-STAT3 signaling axis. \*p\<0.05, \*\*p\<0.01.](nihms-1552030-f0006){#F6}
